Abstract: Reproductive lesions have been described in various nonhuman primate species, including rhesus macaques (Macaca mulatta), cynomolgus macaques (Macaca fascicularis), baboons (Papio spp.), squirrel monkeys (Saimiri sciureus), and chimpanzees (Pan spp.); however, there are few publications describing reproductive disease and pathology in Japanese macaques (Macaca fuscata). A retrospective evaluation of postmortem reports for two captive M. fuscata populations housed within zoos from 1982 through 2015 was completed, comparing reproductive diseases diagnosed by gross pathology and histopathology. Disease prevalence, organs affected, and median age at death between the two institutions was also compared. Fifteen female captive M. fuscata, ranging in age from 15 to 29 yr were identified with reproductive tract lesions, including endometriosis, endometritis, leiomyoma, leiomyosarcoma, and adenomyosis. No significant differences were identified in disease prevalence, organs affected, and median age of death between the two institutions. Endometriosis was the most common disease process identified and was found in 10 of the 15 cases (66.7%), followed by leiomyoma (4 of 15; 26.7%). In four cases (26.7%), severe endometriosis and secondary hemorrhage was indicated as the cause of death or the primary reason for humane euthanasia. These findings were compared with a separate population of Japanese macaques managed within a research facility in the United States, with a prevalence of endometriosis of 7.6%. This study discusses possible risk factors and potential treatment options for the management of endometriosis in captive M. fuscata.
INTRODUCTION
Nonhuman primates have been pivotal in the understanding of both animal and human, female reproductive physiology. Primate use as a human model has improved human diagnostics and treatment regimens for reproductive disease processes. Various articles have been published on disease processes affecting the reproductive tract of several nonhuman primate species, including rhesus macaques (Macaca mulatta), cynomolgus macaques (Macaca fascicularis), baboons (Papio spp.), squirrel monkeys (Saimiri sciureus), chimpanzees (Pan spp.), and orangutans (Pongo spp.).
Although information is available on the aforementioned species, reports on female reproductive pathology in Japanese macaques (Macaca fuscata) or captive Macaca spp. housed within zoological institutions are lacking.
A female Japanese macaque has an estimated life span of approximately 25 yr, with a single report of a female living to 32 yr old. 26 Females become reproductively mature between 2 and 4 yr of age, with most of the fecundity between 5 and 19 yr, although parturition has been documented in fertile females up to 25 yr old.
48 hr of death, and representative sections of the reproductive tract were collected, fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Seventeen individual necropsy reports were evaluated, eight animals from BPZ and nine from MZG.
MZG acquired 19 individuals (6 males, 13 females) in 1978 from the Arashiyama West colony in Laredo, Texas, USA. The Arashiyama West colony was founded in 1972 by the transfer of 150 individuals from Kyoto, Japan. The MZG colony has historically comprised approximately 26 macaques, approximately one-third male and two-thirds female. Breeding and the production of offspring was frequent until 1992, when males were surgically castrated or vasectomized to inhibit reproduction. In 2002, a reproductively intact male was introduced and breeding resumed at that time. No contraceptive measures were instituted within the female population during the period covered by this survey.
BPZ acquired the first nine individuals of the colony from MZG in 1987. The BPZ colony has historically comprised approximately 15 macaques at any given time, approximately onequarter male and three-quarters female. In the 1990s, males within BPZ were surgically castrated or vasectomized to inhibit the production of offspring. Female macaques remained intact with no contraceptives administrated and were allowed to cycle naturally. In 2009, breeding with natural mating resumed with the introduction of a reproductively mature, intact male.
Fifteen of 17 necropsy reports were included in statistical analysis. Criteria for inclusion required full necropsy reports, with both gross evaluation and histopathology. Two cases did not meet the criteria for inclusion but are included in the discussion. Age at death was assessed for normality through assessment of skewness, kurtosis, normality plots, and Shapiro-Wilk test for normality. That variable is presented as the median and range, given a nonnormal distribution. Categorical variables, including the presence of disease in different locations in the urogenital tract and different specific lesions detected, were summarized by frequencies and percentages. Fisher's exact tests were used to compare these categorical variables between the two collections. Age at death was compared between the two collections using a Mann-Whitney U-test. The statistical analysis was performed using commercially available software. A statistically significant difference was declared if P 0.05.
RESULTS
Necropsies were performed on 15 female Japanese macaques, ranging from 15 to 29 yr of age. A summary of necropsy findings is given in Table  1 . Lesions of the reproductive tract are described in ). The uterine lesions were macroscopically characterized as either individual, firm, beige, delineated, or infiltrative masses in the uterine wall or firm, beige, poorly defined, and frequently confluent nodules of the uterine wall and adjacent mesometrial adipose tissue, leading to an enlargement and distortion of the uterus and mesometrium ( Fig. 1 ). Endometriosis was diagnosed by histopathology in 10 individuals (Table 2) . Endometriosis was histologically characterized by the presence of well-differentiated endometrial glands supported by stromal cells in uterine serosal and mesometrial adipose tissue (Fig. 2) . In two cases, endometriosis was the only lesion encountered. Five cases had endometriosis-associated hemorrhage of varying degrees. Four of those five cases had gross hemorrhage within body cavities, which was implicated as the cause of death or contributed to clinical signs resulting in humane euthanasia. Three of those five cases had concurrent hemoabdomen, and one case had both hemoabdomen and hemothorax. One case had an endometriosisassociated uterine rupture. Six cases also had endometriosis associated with extrareproductive, intraabdominal organs. In those cases, endometriosis was located on the serosal surface of the pelvic cavity and was associated with the omentum and the serosal surface of the colon, and appeared as free-floating, grayish, smooth masses within the abdominal cavity. Two cases had endometriosis contained within a single intrapelvic mass causing compression of the colon; one of which, caused displacement of the bladder and colon, and the other caused compression with secondary obstruction and impaction of the colon. One individual had dystrophic mineralization associated with endometriosis, and three had concurrent endometrial hyperplasia. In addition, case 9 had gross lesions diagnosed as endometriosis; however, that case was not included in the statistical analysis because histopathology was not performed. Adenomyosis, characterized by the presence of endometrial glands and stroma within the myometrium, was diagnosed in one individual with concurrent, severe endometriosis and hemoabdomen.
Six reproductive lesions were identified as neoplastic conditions: four uterine leiomyomas, one uterine leiomyosarcoma, and one ovarian granulosa cell tumor. In case 13, leiomyoma was the only reproductive lesion described. In case 14, the leiomyoma compressed the left ureter, resulting in megaureter and hydronephrosis. That case was also diagnosed with concurrent endometritis and endometrial hyperplasia. Leiomyoma was also diagnosed in case 12, with concurrent endometrial hyperplasia and the previously mentioned endometriosis-associated uterine rupture. A subserosal uterine leiomyoma was identified in case 8, concurrent with a granulosa cell tumor of the left ovary and endometriosis. In case 5, a leiomyoma was diagnosed antemortem, in the uterus of a reproductive tract submitted for histopathology after an ovariohysterectomy performed as part of a caesarean section. That case was not included in the statistical analysis. Case 7 was diagnosed with a leiomyosarcoma and associated tissue calcifications within the uterus.
The extent of the reproductive lesions did not correlate with the numbers of offspring produced within this population because lesions were found in individuals ranging from zero to six births per individual (Table 1) . Of the 10 individuals diagnosed with endometriosis, five never gave birth to offspring, two had given birth once, and single cases gave birth to two, four, and five offspring. Of the four individuals diagnosed with endometrial hyperplasia, two cases never produced offspring, and single cases gave birth to one and four offspring. Of the four individuals diagnosed with a leiomyoma, one case never produced offspring, and single cases gave birth to one, five, and six offspring.
There were no differences in the age at death between the two zoological institutions (median age, 24 yr). No significant difference was found regarding the number of individuals with disease associated with the uterus, ovary, vagina, urinary tract, gastrointestinal tract, or omentum/abdominal cavity between the two institutions. Finally, no significant difference was found for histologically diagnosed lesions between the two institutions.
DISCUSSION
Endometriosis is a chronic gynecologic disease in which hormonally responsive endometrial glands and stroma are located ectopically outside the uterine cavity, most commonly in the pelvic peritoneum, ovaries, and rectovaginal septum. 4 The most supported theory, the Sampson Hypothesis, proposes that endometriosis arises from the retrograde menstruation of endometrium through the fallopian tubes into the peritoneal cavity. 10, 22 As a result, decreased fertility, ectopic tissue formation, abdominal discomfort, defective ovarian function, menstrual irregularity, embryo implantation failure, and excessive, uncontrollable hemorrhagic conditions can occur. 15 Endometriosis is the most commonly recognized gynecologic disease of menstruating, nonhuman primates and was identified as the most common histologic finding (66%) within this evaluation of 15 female, M. fuscata postmortem reports. 27, 28 The prevalence of the disease in zoological populations of Japanese macaques has not, to our knowledge, been previously reported. Although the prevalence varies considerably by species, the prevalence of endometriosis is much greater in these two M. fuscata populations compared with published reports in other nonhuman primate species. 4, 20, 28 In an intraspecies comparison, the findings in the populations maintained within two zoological institutes differ considerably from a separate population of Japanese macaques managed within a biomedical research facility in the United States. In that population, a review of necropsy findings of 52 female Japanese macaque, 15 yr and older, which were examined between 2000 and 2016, 23 animals (44%) had lesions of the reproductive tract. The most common diagnoses were endometriosis (4/52; 8%) and uterine leiomyoma (5/ 52; 10%) (Lewis, unpubl. data). That population was derived from a troop imported directly from the Hiroshima prefecture in 1965 and is genetically distinct from the zoo populations reported here. 2 Although differences in management and medical history precluded incorporating that population into the present study, the incidence of endometriosis (7.6%) was significantly less than the population analyzed in this evaluation.
Factors influencing the development of endometriosis have been well documented in women and in nonhuman primates. Identified risk factors include advanced age, parity, past surgical interventions, long periods of time of uninterrupted menstrual cycles, exposure to toxins and radiation, and genetic predisposition. 3, 5, 6, 7, 12, 13, 19, 21, 22, 29 Surgical interventions, toxin exposure, and radiation (outside of periodic radiographic diagnostics) were not documented in this study population. Because of the range of births present within the populations (0-6), the contribution of fecundity to the development of disease in these populations is uncertain. The factors most likely associated with the high prevalence of endometriosis within these two zoo populations are long periods of uninterrupted cycling and genetic variables. Both zoological institutions went through a period of reproductive management in which reproduction was inhibited for 10 yr, but females were allowed normal menstrual cycling before the reintroduction of a fertile male. Genetic predisposition to endometriosis in both women and nonhuman primates is well documented. 6, 12, 22, 29 All individuals within this study have familial lines originated from the Arashiyama West colony, making genetic similarities highly likely between the two groups, in contrast to the research population derived from another region in Japan. In the two zoo colonies, small troop sizes and nonselective breeding greatly increases the chances of closely related breeding. Although kinship coefficients for the two zoo populations would be expected to support the level of genetic similarities, because of the high level of sire uncertainty those factors were unable to be determined.
Endometriosis-associated hemorrhage was present in 50% of all identified endometriosis cases and was a cause for mortality in four cases. Hemorrhage resulted in sequelae, such as hypovolemia leading to circulatory collapse, cardiac arrest, and hepatic necrosis.
The most common neoplasia reported in female, nonhuman primate reproductive organs is uterine leiomyomas, benign neoplasms arising from the smooth muscle within the uterine wall. Although all malignant neoplastic conditions are generally considered rare, the second-most commonly reported reproductive neoplasm was endometrial adenocarcinoma. 2, 9, 11, 25, 27, 28 Tumors of the female reproductive tract comprise approximately 15% of all tumors in nonhuman primates and 5-10% of all malignancies. 4 Six individuals within this study had reproductive neoplasia identified by histopathology. The uterus was the most commonly identified organ affected by neoplasia within the two colonies (83.3%). Four had leiomyomas; one had leiomyosarcoma. The incidence of ovarian neoplasia was 16.6%, represented by a single granulosa cell tumor. In the two cases of neoplastic disease with metastatic potential, the granulosa cell tumor and the leiomyosarcoma, metastases were not identified at necropsy.
The lack of differences in the types of reproductive lesions and the similarities of age at death found between BPZ and MZG were not unexpected. Both troops have been managed similarly over the last 30 years and both troops are largely derived from the same wild population.
Because of the high prevalence of endometriosis found within the two sample populations and the potential life-threatening consequences, discussion of treatment modalities is warranted. Both hormonal and surgical treatment of endometriosis is well documented in both women and nonhuman primates. 8, 12, 14, 18 Surgical management can be further categorized as conservative or definitive. Conservative surgical treatment includes the preservation of fertility or the corrective management to infertility by resecting all ectopic endometrial tissues, removal of adhesions, and reconstruction of pelvic anatomy. Definitive surgical treatment involves complete hysterectomy and/or bilateral oophorectomy, along with resection of all ectopic endometrial tissues making treatment curative and preventing reoccurrence. Because of the goal of preserving fertility, conservative surgical treatment is much more common in women than in primates. 8 The recurrence rate of symptoms and lesions vary from 10-55% in women within 12 mo after conservative surgical intervention. 14 Hormonal alteration is a less-invasive and lower-cost treatment option. This treatment alters ovarian hormone levels throughout the body by reducing the function of the ovary itself. A decrease in ovarian hormones allows other tissues to stop normal hormonally induced processes from occurring, including menstruation.
1 Both oral and nonoral hormone contraceptives are currently used in both women and nonhuman primates for the treatment of endometriosis. Types of treatments include gonadotropin-based options, such as GnRH agonists and progestinbased treatments.
12,14,18 Although hormone-based treatments can induce a menopause-like state, they do not come without risks. Selective steroid regulation contributes to an altered metabolic endocrine status and potential subsequent, secondary complications, such as vasomotor symptoms, bone mineral density changes, and cardiovascular risks. 23 Of the previously mentioned treatment options, prophylactic age-associated oophorectomy is the recommended treatment of choice to stop the potential formation of endometriosis and/or progression of disease. If surgical intervention is not an option, nonoral contraceptive methods using GnRH are recommended. Further research is recommended to explore the ongoing prevalence of endometriosis and other reproductive diseases once prophylactic treatment is initiated in aged female M. fuscata.
